Raw milk cheeses are known to have more intense and strong flavour and different texture due to natural microbiota and enzymes. Nevertheless, there are concerns about safety of these products. For microbial inactivation heat treatment of milk is used, but it can adversely affect the flavour, taste and texture of the product. Therefore, applying non-thermal technology such as high pressure processing is attracting alternative. The aim of this study was to examine the effects of high pressure treatment of cow`s milk at a wide range of pressures (400 -600 MPa) on milk rennet coagulation time, curd firmness and curd yield. Processed milk samples were subjected to enzymatic coagulation using commercial rennet to determine rennet coagulation time, yield of coagulum and curd firmness. High pressure processing insignificantly influences coagulation properties of whole milk. However, the magnitude of changes depended on applied pressure. Rennet coagulation time and curd yield were significantly different (p < 0.05) among the pressure treated milk samples. The higher firmness of the curd form pressurized milk than that of raw or pasteurized milk, evaluated positively. The main effects of high pressure treatment in milk appeared to involve dissociation of casein micelles from the colloidal to the soluble phase. This study suggests that high pressure treatments of milk at 500 MPa or 550 MPa for 15 min may be beneficial for improving the coagulation properties of milk. These positive effects indicated that high pressure processing may have potential for new cheese varieties development.
Introduction
Cheese manufacture is one of the classical examples of food preservation, dating from 6 000 -7 000 BC. There are more than 1 000 varieties of cheese produced throughout the world, created by differences in milk source, fermentation and ripening conditions as well as pressing, size and shape (Young & George, 2013) . Cheese processing is a complex process involving many steps. The rennet coagulation of milk is one of the first and most important steps in a cheese making process.
The milk coagulation properties are of a great importance as they influence cheese yield and quality. The suitability of milk for cheese making is evaluated by measuring the time required for curdfirming, rennet coagulation time (RCT), the firmness, permeability, contractility, and syneresis of curd. In addition, it is very essential to obtain the maximum achievable recovery of substance from milk because the higher the recovered percentage of solids, the greater the amount of cheese obtained and therefore gain in economic terms . The yield of cheese is influenced by different factors: the composition of the milk, the species and breed of animal, milk quality and the stage of lactation. Furthermore, pre-treatment (microfiltration, homogenisation, milk maturation et al.) of milk can also increase the outcome of cheese .
The majority of cheeses are made from heattreated or pasteurised milk (either whole, low-fat or non-fat). Thermal processing is often used to insure safety and quality of cheese milk. However, heat treatment induces many unfavourable changes in sensory properties of cheese, including modifications in texture (Grappin & Beuvier, 1997; Chawla, Patil, & Singh, 2011) . High pasteurization temperature (78 -95 °C) causes impaired clotting properties and a weaker curd; it appreciably reduces the curd firmness and increases RCT of milk . For this reason heat-treated milk is less suitable for cheese manufacturing. That is why during the last decades, food research has focused on the development of non-thermal technologies including high pressure processing.
The high pressure technology has emerged as an alternative to traditional thermal processing methods for foods including milk and dairy products (Muñoz-Cuevas et al., 2013). High hydrostatic pressure processing of milk at room temperature causes several protein (whey proteins and caseins) modifications, such as reduction in the size of casein micelles and denaturation of β-lactoglobulin and α-lactalbumin (O' Reilly et al., 2001 ). In a model of the casein micelle, colloidal calcium phosphate crosslinks the sub-micelles caseins and neutralises negatively charged phosphoserine groups, allowing the formation of hydrophobic interactions between caseins (Horne, 1998) . Under pressure, hydrophobic and electrostatic interactions between proteins are disrupted and colloidal calcium phosphate is solubilised (LopezFandiño & Olano, 1998). As a result, considerable changes in the size, structure and composition of the casein micelles occur (Huppertz, Fox, & Kelly, 2004a Whole milk is commonly used for cheese making and microbiological quality of raw material is a significant factor affecting cheese quality. Our previous studies about milk microbiological quality conducted that optimal regime for milk processing is at least 400 MPa for 15 min (Liepa et al., (2016) in press). Data about whole milk structural changes and coagulation properties in scientific literature is limited and poor. Therefore, the study of changes in coagulation properties induced by high pressure processing in whole milk is important. However, most research works in this area are focused on skim milk or heated milk. So the evaluation of influence of high pressure processing on coagulation ability of whole raw milk is necessary. The primary objective of the present study was to examine the effects of high pressure treatment of cow`s milk at a wide range of pressures (400 -600 MPa) on milk rennet coagulation time, curd firmness and curd yield.
Materials and Methods

The study object
Bulk milk samples were collected from the morning milking according to the standard LVS 175:1999 'Sampling of raw milk procedure'. After collection, milk samples were transported to the laboratory of the Faculty of Food Technology, Latvia University of Agriculture (Liepa et al., (2017) in press).
High pressure and heat treatment of milk
Milk was filled in polyethylene terephthalate (PET) plastic bottles (NF2 -28 mm, 120 ± 10 mL), avoiding any head space, and vacuum sealed in polyethylene pouches (70 × 200 mm sized, with 65 μm thickness) using a chamber type vacuum packaging machine Multivac C350 (MULTIVAC Sepp Haggenmüller SE & Co. KG, Germany) before being pressurized. Milk samples were pressure treated in a pressure chamber of 10 cm diameter and 23 cm length of the Iso-Lab High Pressure Pilot Food Processor S-FL-100-250-09-W (Stansted fluid power LTD, UK). Milk underwent high pressure treatment, regimes indicated in Table 1 . The pressurization was completed at room temperature. Product temperature increased during pressurization up to 30 °C and dropped during pressure release to about 17 °C (Liepa et al., (2017) in press).
High pressure processing was compared to the high-temperature short-time (HTST) pasteurization at 78 °C for 15 -20 s.
Totally, 18 milk samples (6 samples in triplicate) were analyzed ( Table 1) .
Analysis of milk coagulation parameters
The pH of milk was determined using pH meter ino-LAB pH 720 (Germany) at the temperature 20 °C before the rennet coagulation analysis in raw, pasteurized and HP treated milk samples.
Prior the assessment of milk coagulation properties, milk samples were heated to the renneting temperature 35 °C. Rennet coagulation time (RCT) is a measurement of the time elapsed between the addition of a known amount of rennet to a known volume of milk at a given temperature and the onset of clotting, assessed visually (Ciprovica, Zagorska, & Petrovska, 2016). RCT in minutes was analysed using 2 : 10 000 (v/v) of rennet (CHY-MAX 1000 IMCU mL -1 , Chr. Hansen, Denmark) solution into water and measuring the time until flocculation of milk was started at 35 °C. For interpretation of results, all samples were divided into four groups (fast, average, slow and noncoagulating milks) based on the time devoted for the clotting of samples. The assessment of clotting was following: fast means flocculation formation less than 10 min, average -during 10 -15 min, slow -more than 15 min (Ciprovica, Zagorska, & Petrovska, 2016) .
The same enzyme used in the analyses of curd firmness was diluted in to water 2 : 100 (v/v). The added amount of rennet, process temperature and time for curd firmness measurement were adapted from methodology using Formagraph (Foss, Denmark) unit. The curd firmness was determined after 30 min of milk renneting using Texture Analyser TA.HD 
Statistical analysis
Experiments were conducted triplicate and the means of the three data are presented. Duncan's multiple range test was used to determine the significance among mean values of untreated and treated samples. The obtained data were processed using Microsoft Excel (Microsoft Office Enterprise 2007, License: Shareware N/A); differences among results were considered significant if p-value < 0.05. For the interpretation of the results, it was assumed that α = 0.05 with 95% confidence.
Results and Discussion
Our previous studies showed the high pressure effect on milk microbiological quality (decrease of colony forming units) (Liepa et al., (2016) in press) and sensory properties (Liepa et al., (2017) in press), but for better understanding how pressure can influence milk properties and for which cheese variety this method of treatment would be the most appropriate, the milk coagulation properties of whole milk were evaluated during this step of research.
Effect of HP treatment on pH
pH values of analysed milk samples are shown in Table 2 . This parameter ranged between 6.78 ± 0.02 and 6.82 ± 0.01. High pressure treatment due to casein micelle disaggregation alters the distribution of minerals and raises the concentration of ionic calcium in milk. As a result of an increase in the concentration of phosphate in the milk serum, an increase in milk pH occurs Zobrist et al., 2005) . In the present study, high pressure increased the pH value, which was lower in raw milk. pH of pasteurized milk was similar to that of HPM 400 sample -6.80. Heat treatment and pressurization at 400 MPa had little influence on pH of whole milk; analysed parameter values of control sample, PM and HPM 400 samples were not significantly different (p > 0.05). The differences in the pH also were not significant (p > 0.05) among all high pressure treated milk samples; however, high pressure treatment at pressure 500 MPa affected pH of milk considerably (p < 0.05), compared with a control sample. Other authors Zobrist et al., 2005) also found an increase in pH that depended on treatment pressure and time.
Effect of HP treatment on rennet coagulation time of milk
Rennet coagulation time (RCT) is an index of the gelation potential of milk. In the present study, a control sample had the lowest RCT -9.21 ± 0.05 min, whereas pasteurized milk had the highest RCT (15.21 ± 0.11 min) ( Table 2) . Thus, heat treatment of milk increased the RCT by 65% (Figure 1) . Pasteurization induces the association of denatured whey proteins with the casein micelles, what result in deterioration of milk coagulation properties (Anema, 2008; Haq et al., 2014; .
According to the recommendations for cheese processors, the best rennet coagulation time is from 10 to 15 min (Горбатова & Гунькова, 2010); HPM 500, 550, and 600 samples belong to this group. At the same time raw and pasteurized milk belongs to the groups, which are not so suitable for cheese processing -too fast or too slow, respectively. Figure 1 , the RCT of milk after treatment at/or above 400 MPa, is equal to/or longer than that of raw milk. Compared to the control sample, treatment at 400, 500, and 550 MPa had a little effect on RCT (increase by 0.6%, 
Effect of HP treatment on curd firmness
One of the most important factors in manufacturing of cheese is the production of a satisfactory curd. It is required to have a sufficiently firm curd for production of good quality cheese. A heat treatment induced significant decrease (p < 0.05) in the firmness of the curd made from raw milk (if pasteurization temperature 78 °C was applied). In the present study, pasteurized milk had the lowest curd firmness -0.85 ± 0.08 N ( Table 2 ). The effect of heat treatment on the rheological parameters of milk could be attributed mainly to the denaturation of proteins and colloidal salt formation. The interactions of whey protein with casein micelles interfere with the rennet coagulation process, resulting in weak curd structures of heat treated milk (Ustunol, 1983) .
Compared to pasteurized milk and control sample, high pressure treatment increased curd firmness significantly (p < 0.05). The rennet-induced curd formed from pressurized milk increases with pressure 400 -550 MPa, followed by a decrease at 600 MPa (Figure 1 ). Notwithstanding that curd yield of HPM 600 sample was the highest, the curd firmness of this sample was the lowest (2.40 ± 0.03 N) among the high pressure treated milk samples; meanwhile HP 550 MPa sample had the highest curd firmness -2.86 ± 0.42 N. Also, Needs et al. (2000) reported curd firmness values of pressure treated milk (at 200 -600 MPa) was higher than values of untreated milk. The curd firmness of unheated pressurized at 600 MPa milk was lower, compared to at 400 MPa treated milk. Zobrist et al. (2005) suggested that this may be due to the association of denatured α-lactalbumin with casein micelles that result in obstructing of gelation process.
Effect of HP treatment on curd yield
The effect of treatment on curd yield of whole cow`s milk is shown in Table 1 . The yield of curd from heat treated milk and milk treated at 400 MPa differed only slightly from that of untreated milk; however, treatment at 500, 550 or 600 MPa significantly (p < 0.05) increased curd yield by 10, 14 or 47%, respectively (Figure 1 ). High pressure induced increase of curd yield is probably due to the denaturation of whey proteins and increasing of As shown in Figure 1 , the RCT of milk after treatment at/or above 400 MPa, is equal to/or longer than that of raw milk. Compared to the control sample, treatment at 400, 500, and 550 MPa had a little effect on RCT (increase by 0.6%, 8.7% and 13.5% respectively), but treatment at 600 MPa increased this parameter significantly (p < 
Effect of HP treatment on curd firmness
One of the most important factors in manufacturing of cheese is the production of a satisfactory curd. It is required to have a sufficiently firm curd for production of good quality cheese. A heat treatment induced significant decrease (p < 0.05) in the firmness of the curd made from raw milk (if pasteurization temperature 78 C was applied). In the present study, pasteurized milk had the lowest curd firmness -0.85 ± 0.08 N ( Table 2 ). The effect of heat treatment on the rheological parameters of milk could be attributed mainly to the denaturation of proteins and colloidal salt formation. The interactions of whey protein with casein micelles interfere with the rennet coagulation process, resulting in weak curd structures of heat treated milk (Ustunol, 1983) . Compared to pasteurized milk and control sample, high pressure treatment increased curd firmness significantly (p < 0.05). The rennet-induced curd formed from pressurized milk increases with pressure 400 -550 MPa, followed by a decrease at 600 MPa (Figure 1 ). Notwithstanding that curd yield of HPM 600 sample was the highest, the curd firmness of this sample was the lowest (2.40 ± 0.03 N) among the high pressure treated milk samples; meanwhile HP 550 MPa sample had the highest curd firmness -2.86 ± 0.42 N. Also, Needs et al. (2000) reported curd firmness values of pressure treated milk (at 200 -600 MPa) was higher than values of untreated milk. The curd firmness of unheated pressurized at 600 MPa milk was lower, compared to at 400 MPa treated milk. Zobrist et al. (2005) suggested that this may be due to the association of denatured α-lactalbumin with casein micelles that result in obstructing of gelation process. moisture retention (Pandey et al., 2003) that can be more suitable for soft and fresh cheese production. Our previous study (Liepa et al., (2017) in press) found significant difference (p < 0.05) between milk colour before and after high pressure processing. After high pressure treatment product became more yellowish, this fact can partly prove disintegration of casein micelles during pressurizing. More detailed explanation can be given by assessing structure of milk protein after high pressure treatment, its content in whey and water content in curd; therefore, further research should be done. An increase in curd yield after treatment at a pressure ≥ 400 MPa was in agreement with previous reports (Huppertz, Fox, & Kelly, 2004b ; Lopez-Fandiño & Olano, 1998). The differences in curd firmness could be related to rennet coagulation time of milk samples. The correlation between RCT and firmness values is presented in Figure 2 . In the present study, strong negative correlation (r = 0.75) between RCT and curd firmness was determined.
HPM 500 and HPM 550 samples belong to group, which is suitable for cheese processing (through its RCT values), and simultaneously having the highest curd firmness among all milk samples. At the same time, control sample and heat treated milk have lower suitability for cheese processing due to its undesirable RCT values and the lowest curd firmness.
Comparing coagulation properties (rennet coagulation time, curd yield, and firmness) of milk during research best results among all analysed samples were obtained from milk samples treated at 500 and 550 MPa during 15 min. Further research (cheese making process, cheese quality, maturation, economical aspects) should be done to make significant conclusions about high pressure suitability for cheese production.
Conclusions
High pressure processing insignificantly influences coagulation properties of raw milk, however, the magnitude of changes depended on treatment pressure and time.
The higher firmness of the curd from pressurized milk than that of raw or pasteurized (at 78 °C for 15 -20 s) milk was evaluated positively. After high pressure processing the curd yield was increased by for 7 to 47 % due to a combination of incorporation of denatured whey proteins in the curd.
Average RCT values were observed in all pressure treated raw milk samples.
Results from current study suggest that treatment of milk at 500 MPa or 550 MPa for 15 min could be optimal for new cheese varieties development.
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